Zebrafish and goldfish are both diurnal freshwater fish species belonging to the same family, Cyprinidae, but their visual ecological surroundings considerably differ. Zebrafish are surface swimmers in conditions of broad and shortwave-dominated background spectra and goldfish are generalized swimmers whose light environment extends to a depth of elevated short wavelength absorbance with turbidity. The peak absorption spectrum ( max ) of the zebrafish blue (SWS2) visual pigment is consistently shifted to short wavelength (416 nm) compared with that of the goldfish SWS2 (443 nm). Among the amino acid differences between the two pigments, only one (alanine in zebrafish and serine in goldfish at residue 94) was previously known to cause a difference in absorption spectrum (14-nm max shift in newt SWS2). In this study, we reconstructed the ancestral SWS2 pigment of the two species by applying likelihood-based Bayesian statistics and performing sitedirected mutagenesis. The reconstituted ancestral photopigment had a max of 430 nm, indicating that zebrafish and goldfish achieved short wavelength (؊14 nm) and long wavelength (؉13 nm) spectral shifts, respectively, from the ancestor. Unexpectedly, the S94A mutation resulted in only a ؊3-nm spectral shift when introduced into the goldfish SWS2 pigment. Nearly half of the long wavelength shift toward the goldfish pigment was achieved instead by T116L (6 nm). The S295C mutation toward zebrafish SWS2 contributed to creating a ridge of absorbance around 400 nm and broadening its spectral sensitivity in the short wavelength direction. These results indicate that the evolutionary engineering approach is very effective in deciphering the process of functional divergence of visual pigments.
Vertebrate visual pigments consist of a protein moiety (i.e. opsin), and a chromophore, either 11-cis-retinal (vitamin A1 aldehyde) or 11-cis 3,4-dehydroretinal (vitamin A2 aldehyde). These pigments reside in rod and cone photoreceptor cells in the retina. Rods are used for dim light vision, and cones are used for daylight and color vision. Vertebrate visual opsins can be classified into five phylogenetic groups: RH1 1 (rod opsin or rhodopsin), RH2 (RH1-like, or green, cone opsin), SWS1 (short wavelength-sensitive type 1, or UV-blue, cone opsin), SWS2 (short wavelength-sensitive type 2, or blue, cone opsin), and M/LWS (middle to long wavelength-sensitive, or red-green, cone opsin) (1) . When an opsin forms a photopigment with the A2 chromophore, its peak absorption spectrum ( max ) is located at a longer wavelength than it forms with the A1 chromophore. The spectral shift is wavelength-dependent; it can be as great as 60 nm at longer wavelengths, and as little as 5-10 nm at shorter wavelengths (2, 3) .
Despite having all five types of opsins in common and sharing ancestry in the same family Cyprinidae, zebrafish (Danio rerio) and goldfish (Carassius auratus) use different chromophores, A1 and A2, respectively, under normal conditions (4 -6) . This is consistent with the differences in their visual ecology: zebrafish are surface swimmers under broad and short wavelength-dominated background spectra, while goldfish are generalized swimmers whose light environment extends to a depth of elevated short wavelength absorbance with turbidity, although both are diurnal freshwater fish species (7, 8) . Furthermore, the max values of the zebrafish visual pigments are generally shifted to short wavelengths compared with those of other species (9) . In particular, the blue (SWS2) visual pigment is greatly shifted to short wavelength ( max at 416 nm) compared with SWS2 pigments of other vertebrates ( max ranging from 430 to 450 nm) under the conditions involving the A1 chromophore (9, 10) . This is in sharp contrast with goldfish whose A2-based SWS2 visual pigment has a max around 454 nm (11) . When the goldfish SWS2 visual pigment is reconstituted in vitro with the A1 chromophore, its max is 443 nm (10) and is still 27 nm longer than the max of the zebrafish SWS2 pigment.
By site-directed mutagenesis of the cottoid fish SWS2 opsins, T118A (threonine to alanine substitution at residue 118: site numbers hereafter follow those of bovine rod opsin), T118G and T269A were shown to cause a recognizable blue shift of their SWS2 pigments (12) . Mutagenesis to the newt SWS2 opsin resulted in spectral effects in P91S, S94A, I122M, Y261F, and A292S in a short wavelength direction (13) . The spectral effect of T269A, together with that of S269A, were also verified in another mutagenesis experiment in pigeon, chicken, finch, American chameleon, bull frog, salamander, and goldfish SWS2 pigments (10) . In addition, I49A, V52I, T93V, and L207I were inferred to cause greater than a 5-nm spectral shift by multiple regression analysis (10) .
However, among these amino acid substitutions, only S94A is detected among amino acid differences between goldfish and zebrafish SWS2 pigments. The S94A mutation results in a 14-nm blue shift when introduced into the newt SWS2 pigment which has an exceptionally long max value (474 nm) among A1-based SWS2 pigments (13) . Even if the S94A mutation contributes to the spectral difference between the goldfish and zebrafish SWS2 pigments with the 14-nm magnitude, additional, and previously unforeseen, mutations are required to fill the 27-nm spectral difference between the two pigments. The objective of this study is to extract amino acid substitutions that contribute to the spectral difference between the zebrafish and goldfish SWS2 pigments. For this purpose, we employed an evolutionary engineering approach, that is, inference of the ancestral amino acid sequence of the zebrafish and goldfish SWS2 opsins by likelihood-based Bayesian statistics, reconstitution of full and partial ancestral photopigments by site-directed mutagenesis, and spectral measurements of the reconstituted pigments.
EXPERIMENTAL PROCEDURES
Sequence Analysis-The following fish SWS2 opsin genes were studied: cottoid (Batrachocottus nikolskii) (GenBank TM accession number AJ430474) (12) , cichlid (Dimidiochromis compressiceps) SWS2A (GenBank TM accession number AF247113), and SWS2B (GenBank TM accession number AF247117) (14) , medaka (Oryzias latipes) (GenBank TM accession number AB001602) (15) , Mexican cavefish (Astyanax fasciatus) (GenBank TM accession number AH007939) (16), goldfish (Carassius auratus) (GenBank TM accession number L11864) (17) and zebrafish (GenBank TM accession number AB087809) (9) . Additionally, the following SWS2 opsins of non-fish vertebrates were used as outgroups: newt (Cynops pyrrhogaster) (GenBank TM accession number AB040148) (13), salamander (Ambystoma tigrinum) (GenBank TM accession number AF038946) (18) , bull frog (Rana catesbeiana) (GenBank TM accession number AB010085) (19) , American chameleon (Anolis carolinensis) (GenBank TM accession number AF133907) (20, 21) , zebrafinch (Taeniopygia guttata) (GenBank TM accession number AF222332) (22) , chicken (Gallus gallus) (GenBank TM accession number P28682) (23, 24) , and pigeon (Columba livia) (GenBank TM accession number Af149238) (25) .
We aligned the deduced amino acid sequences of these opsins using CLUSTAL W (26) . Alignment of amino acids corresponding to residues 2-8 and the last 27 of zebrafish SWS2 opsin were less reliable, requiring multiple gaps. The remaining 320 amino acids were considered for phylogenetic analysis. Using the MEGA2 program version 2.1 (27, 28) , the number of amino acid substitutions per site for two sequences was estimated by Poisson correction and the phylogenetic tree was reconstructed using the neighbor-joining method (29) with 1000 bootstrap replications.
Given the tree topology reconstructed (Fig. 1) , we inferred the ancestral amino acid sequences of SWS2 opsins at every node in the tree by using the PAML computer program with a likelihood-based Bayesian method (30, 31) (abacus.gene.ucl.ac.uk/software/paml.html). For computations, we used the empirical substitution matrix of Dayhoff (32) or JTT (33) as a mathematical model of amino acid substitutions. These models have often been used in constructions of maximum likelihood phylogenetic trees for protein sequences; the JTT model has been shown to give sufficiently accurate results for most purposes (27) . Both models are based on amino acid substitution data for conserved proteins and have been applied to inference of ancestral sequences of vertebrate opsin genes (10, 34 -38) . The certainty of each inferred amino acid was expressed by its posterior probability. The ancestral amino acids of poorly aligned regions (i.e. residues corresponding to 2-8 and the last 27 of zebrafish SWS2) were inferred visually.
Construction of the Ancestral SWS2 Opsin cDNA-The SWS2 cDNA of zebrafish (9) and goldfish were cloned into the pMT5 (39) expression vector. We introduced point mutations into the pMT5 clones using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). All mutated cDNAs were sequenced to confirm that no spurious mutations were incorporated. Sequencing was carried out using the Thermo Sequence Cycle Sequencing kit (Amersham Biosciences) with dye-labeled primers and the LI-COR 4200L-1 automated DNA sequencer.
Visual Pigment Reconstitution-The pMT5 expression vector contains the last 15 amino acids of bovine rod opsin necessary for immunoaffinity purification by the 1D4 monoclonal antibody (40) . We transfected each pMT5-cDNA clone into cultured COS-1 cells (RIKEN Cell Bank, Tsukuba, Japan), incubated the resuspended cells with 5 M 11-cis-retinal (Storm Eye Institute, Medical University of South Carolina, Charleston, SC), solubilized the cells with 1% dodecyl maltoside, and purified the resulting pigments using immobilized 1D4 (Cell Culture Center, Minneapolis, MN) as described previously (21) . The UVvisible absorption spectrum of each pigment was recorded from 250 to 650 nm at 1-nm intervals using the Hitachi U3010 dual beam spectrometer at 20°C. Five replicates were performed in the dark and five more after 3 min of light exposure using a 366 nm UV illuminator (model UVL-65 Blak-Ray Lamp, 100 V 0.16 A; UVP, Inc.) as described previously (21) . Savitzky-Golay's least squares smoothing method (41) was carried out for each absorbance curve using 100 repetitions to eliminate spurious spikes. All max values in this study were taken from spectra generated in dark conditions. We evaluated the time course of 11-cis-retinal dissociation from the zebrafish SWS2 pigment at 20°C by adding hydroxylamine (pH 6.7) to the purified zebrafish SWS2 pigment at a final concentration of 20 mM.
FIG. 2. Aligned amino acid sequences of the ancestral (Anc) and current pigments of zebrafish (ZF) and goldfish (GF) SWS2 opsins.
Residue numbering of bovine rod opsin is given. The complete sequence of ancestral opsin is provided. Identical amino acids from ancestral opsin are indicated by dots in the zebrafish and goldfish sequences. Gap sites are indicated by dashes. Amino acids surrounding 11-cis-retinal are depicted in red (13, 42, 43) . The seven TM domains and the second extracellular loop region (E2) containing these sites are indicated by solid and dotted lines, respectively. Amino acid pairs modified by site-directed mutagenesis are boxed. Positions of BglII and BsaI restriction sites are indicated by arrows. 
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The pigment was exposed to light for 20 min after hydroxylamine bleaching. The light source was a 60-watt room lamp, and cut-off wavelengths below 440 nm were filtered with the Kodak Wratten Gelatin Filter No.3.
RESULTS
Ancestral Pigment of Zebrafish and Goldfish SWS2-The ancestral amino acid sequence of the zebrafish and goldfish SWS2 opsins was estimated by using the PAML program with either the JTT or Dayhoff model of amino acid substitutions. Under both models, the average posterior probability over the entire amino acid sequence subjected to PAML analysis was 0.98. Amino acids with posterior probabilities less than 0.9 by either model are listed in Table I . There were two amino acid differences between the sequences inferred by the two models: glycine (JTT) and alanine (Dayhoff) at site 50 (designated G50A) and L85F. Fig. 2 shows the ancestral sequence inferred by the JTT model. From the ancestral SWS2 opsin, there were 24 amino acid differences in the goldfish SWS2 opsin and 42 differences plus one indel (in the amino terminus) in the zebrafish SWS2. We therefore used the goldfish SWS2 opsin cDNA as a template to create the ancestral opsin cDNA by substituting the 24 amino acids. We then reconstituted the ancestral photopigment (pigment ZG) with the A1 chromophore 11-cis-retinal, and measured the max to be 430 nm (Table II and Fig. 3) . The pigment was shown to be photoreactive, exhibiting a max of 380 nm of all-trans-retinal upon light exposure (data not shown). The Dayhoff-predicted versions of the ancestral pigments were also reconstituted by introducing the G50A and L85F substitutions into the pigment ZG (ZG_G50A and ZG_L85F, respectively). Neither substitution affected max (430 nm, see Table II ). These results indicate that a 14-nm blue shift and a 13-nm red shift occurred in the max of SWS2 pigments in zebrafish and goldfish lineages, respectively, after the separation of the two fish species.
Mutations in Zebrafish SWS2-Amino acid substitutions known to exert spectral effects in SWS2 pigments are I49A, V52I, P91S, T93V, S94A, T118G, T118A, I122M, L207I, Y261F, T269A, S269A, and A292S (10, 12, 13) . None of these mutations was detected between the zebrafish and ancestral SWS2 pigments (Fig. 2) . To explore amino acid substitutions that can explain the 14-nm blue shift in zebrafish SWS2 pigment from ancestral pigment ZG, we first constructed three chimeric opsins: A(70)Z, Z(70)A(128)Z, and Z(128)A, using the restriction enzymes, BglII and BsaI (see Fig. 2 ), where amino acids 1-70, 71-128, and 129 -347 of the zebrafish SWS2 opsin, respectively, were replaced with the corresponding segments of the ancestral opsin. The chimeric photopigments were reconstituted with 11-cis-retinal and absorption spectra were measured (see Table III for max values). Among the three chimeric pigments, pigments Z(70)A(128)Z and Z(128)A showed recognizable spectral shifts from the intact zebrafish pigment of ϩ7 and ϩ3 nm, respectively (Fig. 4, A and B) . The spectral shift by the pigment A(70)Z was ϩ1 nm. When segment 1-128 of the zebrafish SWS2 opsin was replaced by the corresponding ancestral region [A(128)Z], the magnitude of the spectral shift was no different from that of Z(70)A(128)Z (ϩ7 nm) ( Table III) , confirming that the spectral effect of segment 1-70 is very small. When segment 71-347 was replaced [Z(70)A], the max shift was ϩ12 nm (Table III and Fig. 4C ), slightly larger than the sum of the individual effects of the two segments 71-128 and 129 -347, ϩ10 nm, and closer to the net difference of 14 nm between the zebrafish and ancestral pigments. These results suggest that the majority of amino acid substitutions responsible for the blue-shifted max of the zebrafish SWS2 pigment were in the 71-347 region.
There are a total of 12 and 15 amino acid differences in segments 71-128 and 129 -347, respectively, between the zebrafish and ancestral SWS2 opsins (Fig. 2) . A study of the x-ray crystal structure of bovine rod opsin identified 27 amino acids as comprising the retinal binding pocket, located within 4.5 Å from the retinal (42) . Subsequent studies identified a total of 38 residues, including the above-mentioned 27, as surrounding the retinal (13, 43) (Fig. 2 ). Among these, only residues 117 and 295, in the 71-128 and 129 -347 segments, respectively, were different between the zebrafish and ancestral SWS2 opsins: serine in zebrafish and alanine in ancestral opsins at residue 117 (S117A) and C295S. Mutations S117A and C295S, introduced into the zebrafish SWS2 opsin, resulted in only ϩ2-and ϩ3-nm spectral shifts, respectively (Table III) . However, the latter effect is of the same magnitude as that of the segmental replacement of residues 129 -347 (Fig. 4, B and D) . We therefore focused on the segment 71-128 and explored amino acid FIG. 3 . Absorption spectra of zebrafish, goldfish, and their ancestral SWS2 visual pigments reconstituted in vitro. Spectra are normalized for their peak height at max to be 1. The spectrum of the zebrafish pigment was taken from Ref. 9 , and those of the others were measured in this study. 
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substitutions accounting for the 7-nm difference in which the segmental replacement resulted. All the remaining amino acid substitutions in transmembrane regions 2 and 3 (TM2 and TM3) in the 71-128 segment were introduced into the zebrafish SWS2 pigment one by one: S82A, W85L, V88I, A97S, Y99F, K100N, I108T, G109A, and I119L (Fig. 2) . Individual spectral effects were all minor, ranging from 0 to ϩ2 nm (Table III) . However, the simple sum of these effects, ϩ9 nm, was comparable with the segmental effect of ϩ7 nm. Furthermore, the sum of all the substitutions in segments 71-128 and 129 -347 was ϩ12 nm, concordant with the effect of segmental replacement of 71-347 (Z(70)A in Table  III) . Although not all combinations of these mutations have been tested for the additivity of their spectral effects, we examined a double mutation, I108T/G109A, a triple mutation, I108T/G109A/S117A, and a quadruple mutation, I108T/G109A/ S117A/C295S, and confirmed their linear additivity; their spectral shifts were ϩ2, ϩ5, and ϩ7 nm, respectively. These results suggest that the blue shift of the spectral sensitivity from the ancestral to the current zebrafish SWS2 pigments was achieved by the accumulation of amino acid substitutions with individual minor spectral effects.
Mutations in Goldfish SWS2-Among the known amino acid substitutions to exert spectral effects in SWS2 pigments, only S94A was observed between the goldfish and ancestral SWS2 pigments (Fig. 2) . When introduced into the newt SWS2 pigment, S94A is known to exert a Ϫ14-nm spectral shift (13) 443 nm) and the ancestral (430 nm) SWS2 pigments. However, when introduced into the goldfish SWS2 pigment, S94A resulted in only a Ϫ3-nm shift (Fig. 5A and Table IV) . We then tested all other amino acid substitutions in TM regions that alter either their electric charge or polarity: A52T, S80A, A87S, P92S, L116T, G124S, S163F, G217S, and S272A (Fig. 2) . Among them, L116T caused a Ϫ6-nm shift (Fig. 5B and Table IV) . Effects of other mutations were all minor (0 -2 nm) (Table IV) . However, the sum of all mutations, Ϫ12 nm, was comparable with the 13-nm difference between the goldfish and ancestral SWS2 pigments, suggesting that a red shift of the goldfish SWS2 pigment from the ancestral pigment was achieved in half by T116L and in half by accumulation of amino acid mutations, including A94S, with individual minor spectral effects.
Unique Shape of Absorbance Curve in Zebrafish SWS2-We have noticed that the absorbance curve of the zebrafish SWS2 pigment has a shoulder around 400 nm (Fig. 3) . As far as we know, such a shoulder closely located to the max position has not been reported in other opsin-based vertebrate photopigments. To confirm whether this was due to spurious Schiff base linkages of 11-cis-retinal to proteins (including opsin) or contamination of non-retinal-based pigments having a 400-nm absorbance peak, we monitored the process of 11-cis-retinal dissociation from the zebrafish SWS2 pigment by hydroxylamine over time. Hydroxylamine cleaves Schiff base linkages of 11-cis-retinal and results in a free 11-cis-retinal oxime in solution and shows an absorption peak around 365 nm. As shown in Fig. 6 , all absorbance curves, taken at different time points, crossed at a single point. This indicates that the retinal based pigment in this solution was homogenous and not a mixture of pigments having different rates of retinal dissociation. After completion of the dissociation by hydroxylamine followed by light exposure, we failed to see a shoulder at 400 nm (see curve 17 of Fig. 6 ) making it unlikely that non-retinal-based pigments (with 400 nm absorbance) were contaminated. In addition, only the SWS2 but no other visual pigments of zebrafish showed the 400-nm shoulder in our previous study (9) . These results strongly suggest that the 400-nm absorbance ridge is a characteristic of the zebrafish SWS2 pigment.
In the process of the mutagenesis experiments, we noticed that a single amino acid substitution (C295S) to the zebrafish SWS2, and a segmental replacement including this residue, abolished the absorbance ridge (Fig. 4D) , but other point mutations did not. Therefore, the aberrant absorbance shape of the zebrafish SWS2 pigment was considered a result of the amino acid substitution, S295C.
DISCUSSION
The peak absorption spectrum of the zebrafish blue-sensitive cone visual pigment, SWS2, is ϳ30 nm shorter than that of the goldfish pigment, reflecting their different visual ecologies. These two species are phylogenetically close and are suitable for studying the evolutionary process of spectral differentiation. To study this evolutionary process, we inferred their ancestral amino acid sequence rather than just comparing the two sequences to clarify the identity of the mutations involved in spectral differentiation. Reconstitution of the ancestral pigment revealed that the spectral differences between the two current species was due in half to the short wavelength shift in the zebrafish pigment and in half to the long wavelength shift in the goldfish pigment. This was unexpected because a previous study suggested that the goldfish SWS2 retains the ancestral state of vertebrate SWS2 pigments (10) . However, in the study, the goldfish pigment was the only fish pigment and other pigments studied were those of amphibians, a reptile, and birds (10) . Therefore, the present study, using seven SWS2 sequences of various fish species, expanded our view on the evolution of fish SWS2 pigments and suggests that fish SWS2 pigments, including goldfish, have experienced repeated changes of absorption spectra, possibly reflecting the great variability of their aquatic light environments (44) .
Mutagenesis carried out in this study showed that S94A caused Ϫ3-nm spectral shift when introduced into the goldfish SWS2 pigment. This conflicts with a much larger (Ϫ14 nm) effect of the same mutation in the newt SWS2 pigment (13) . This suggests that the effect of this mutation is heavily dependent on the background amino acid sequence. In the threedimensional structure, residue 94 is located close to the counterion and Schiff base, and substitution at this location has been suspected to perturb the environment around the Schiff base or chromophore by two or more unidentified components (13) . Dependence of the spectral effects of amino acid substitutions on background amino acid sequences has also been observed in SWS1 pigments (37) . Prediction of max from amino acid sequences requires caution for the SWS2 system as well as for SWS1.
When introduced into the goldfish SWS2, L116T exerts Ϫ6-nm effect and accounts for nearly half of the spectral difference from the ancestor. This location is one of the spectral tuning sites identified for SWS1 pigments, which exerts unrecognizable changes individually, but when combined with other mutations causes a significant synergistic spectral change (37) . Perhaps because of the individual minor effects in SWS1 pigments or its locality outside the region surrounding the retinal, the residue 116 was not previously considered for mutagenesis experiments in SWS2 pigments (10, 13) . Residue 116 is located near the counterion site 113 (glutamic acid) and is varied among the SWS2 pigments of vertebrates. Pigeon, chicken, and newt SWS2 pigments contain alanine at this location while many others contain threonine, and their relatively red-shifted max values (see Fig. 1 ) may also be associated with the residue at this site.
In zebrafish, two sites in the retinal-binding pocket were found mutated, 117 and 295. Site 117 is highly conserved among vertebrate opsins: alanine in RH1, RH2, and SWS2 opsins, glycine in SWS1 opsins, and valine in M/LWS opsins. The A117G mutation is known to cause a Ϫ4-nm spectral shift when introduced into bovine RH1 (45) . A serine residue at this site is unique to the zebrafish SWS2 opsin among all vertebrate visual opsins sequenced to date. Despite this uniqueness, the spectral effect of S117A was small (ϩ2 nm) ( Table III) . The 295 site neighbors the chromophore binding site at 296 (lysine) and is also highly conserved among vertebrate opsins: serine in RH2, SWS2, and SWS1 opsins and alanine in RH1 and M/LWS opsins. The A295S mutation causes a Ϫ5-nm spectral shift when introduced into bovine RH1 (45) . The cysteine residue at this site is also unique to the zebrafish SWS2 opsin. The S295C 
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substitution in the zebrafish SWS2 not only shifts its max by 3 nm toward short wavelengths but also creates an absorbance ridge at ϳ400 nm. This absorbance ridge broadens its spectral sensitivity toward shorter wavelengths. As far as we know, this is the first report of spectral shifts by changing the shape of absorbance curves. Although cysteine may affect the resonance by decreasing available protonation in the Schiff base region, thus providing a higher energy, it is not clear why the shoulder appears at 400 nm. The role of cysteine in this process and further details of its mechanism require additional studies. The shoulder is, however, unrecognizable by microspectrophotometry measurements of native photoreceptor absorbance (46) . Microspectrophotometry is generally more susceptible to noise than in vitro measurements, and the shoulder we found in this study may be too subtle for microspectrophotometry to detect. In both goldfish and zebrafish, most of the mutations resulted in minor spectral shifts, the simple sum of which resembled the net spectral differences between the ancestral and current pigments. Although we have not rigorously tested the additivity of these effects by introducing all mutations simultaneously, the nearly additive nature of the individual spectral effects have been demonstrated for the SWS2 pigments (10, 13) . Results from the present study suggest that the max distribution of SWS2 pigments could be continuous rather than discrete, unlike M/LWS pigments. Investigation of visual pigments in other fish species inhabiting various light environments, together with the evolutionary engineering approach and ancestral pigment reconstitution, would greatly promote our understanding of the evolution of the visual system and the interaction of vision-environment relationships. 
